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In this work, the finite element simulation of dissimilar friction stir welding process is investigated. The
welded materials are AA 6061-T6 and AA 7075-T6 aluminum alloys. For this purpose, a 3D coupled
thermo-mechanical finite element model is developed according to the Coupled Eulerian-Lagrangian
(CEL) method. The CEL method has the advantages of both Lagrangian and Eulerian approaches, which
means it can simultaneously solve the singularity in the large deformation problems and describe the
physical boundary of the material accurately. In this paper, the effects of the position of the harder material
(AA 7075-T6 aluminum alloy) and the tool pin profile on the temperature distribution and material flow
in the weld metal and heat affected zone (HAZ) are investigated. The results show that the material
velocity around the FSW tool is found to be higher using a grooved pin profile. Moreover, placing the
harder material at the advancing side results in slightly lower process temperatures in comparison to the
estimated temperature when the material is placed at the retreating side for all types of tool profiles. It has
been proved that if the AA 7075-T6 aluminum alloy is at the advancing side, mixing happens in a thin
layer below the tool shoulder, and the penetration of the harder material into the retreating side is found
to be limited. In addition, good agreement between the temperature distribution obtained from the
experimental measurements and numerical simulations is achieved and the accuracy of the numerical
model is confirmed.

© Shiraz University, Shiraz, Iran, 2019

1. Introduction

Computational Fluid Dynamics (CFD) and Arbitrary
Lagrangian Eulerian (ALE) formulation, were used for

In recent years, welding of aluminum alloys has been
of great interest to researchers due to its strategic
applications in industry. For this purpose, various
methods have been proposed by researchers for
successful welding process of aluminum alloys [1].
Compared with the experimental methods, the numerical
simulations are more convenient and effective methods
to study the friction stir welding (FSW) process [2]. The
main advantages are the visualization of the material
flow, temperature field, stresses, and strains’ distribution
during the whole FSW. Furthermore, the numerical
simulation techniques can avoid many repeating
experiments and save lots of time and energy. In this
way, different modeling techniques, such as
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the simulation of the FSW process. Seidel et al. [3]
developed a 2D thermal model based on the laminar,
viscous and non-newtonian flows around a circular
cylinder. They observed that significant vertical mixing
would occur during the FSW process, especially at low
ratios of the welding speed to the rotational speed.
Ulysse [4] developed a 3D viscoplastic model to
simulate the FSW process using commercial CFD
software and studied the effects of the process
parameters, including the traverse and rotational speeds,
loads on the tool pin, and flow of the particles near the
rotating tool. Colegrove and Shercliff [5,6] used a
commercial CFD code, FLUENT, to develop a 3D
model to determine the temperature distribution and
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material flow around a complex threaded tool during the
friction stir welding of AA 7075 aluminum alloy. In the
model, the no-slip condition was assumed at the
tool/workpiece interface and the heat transfer to the
backing plate was included in the simulation. Long and
Reynolds [7] used a CFD-based model to investigate the
effects of the material properties and process parameters
on the longitudinal (X-axis) force, material flow, and
potential defect formation. Carlone and Palazzo [8]
developed a CFD Eulerian model to simulate the FSW
process of AA 2024-T3 using the ANSYS CFX software
and validated the model by the results of the
thermographic observation of the process. By improving
the computational power of the computers, the
researchers also used Arbitrary Lagrangian Eulerian
(ALE) formulation with an explicit solver to simulate the
FSW process. Deng and Xu [9] developed a 2D finite
element model to simulate the material flow around the
FSW tool using Abaqus dynamic explicit solver. The
plane strain conditions were assumed in the FE modeling
and the experimentally measured temperatures were
applied as the body loaded in the model. Schmidt and
Hattel [10] developed a thermo-mechanical model to
simulate the steady-state FSW of 2xxx aluminum alloy
using the coupled temperature-displacement dynamic
explicit with the ALE techniques. The results showed
that the cooling rate plays a significant role in defect
formation, and higher cooling rates lead to the out of
order deposition of the materials behind the tool pin.
Guerdoux and Fourment [11] developed an adaptive
ALE formulation to compute the material flow and
temperature distribution. Buffa et al. [12] developed a
thermo-mechanical coupled, rigid-visco-plastic, 3D
finite element model to investigate the effects of the
geometry of the tool on the material flow pattern and the
subsequent grain size distribution in the welded joints.
The results showed that increase in the pin angle leads to
a more uniform temperature distribution along the
vertical direction and reduces the distortion of the weld.
Assidi and Fourment [13] developed a numerical
simulation based on the Forge FE software having
considered the ALE formulation and an adaptive
remeshing and studied the effect of different friction
models on the temperature distribution and material
flow. Dialami et al. [14] developed a fully coupled
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thermo-mechanical model for FSW simulation. An
apropos kinematic setting for different zones of the
computational domain was introduced and an efficient
coupling strategy was proposed.

Although numerous simulations have been done to
characterize the principles of the FSW process, heat
generation, material flow and so on, the main challenge
in the numerical simulation is to consider the excessive
large plastic flow and complex coupling of the thermo-
mechanical behaviors in the FSW process. For the CFD
technique, the Eulerian mesh is applied. The mesh and
the material are independent of each other and there is
no mesh distortion problem. However, it is very difficult
for the CFD method to capture the material’s boundary
data and determine the material’s boundary accurately.
Moreover, in the CFD simulation of the FSW process,
the model is incapable of including the effects of the
material hardening behavior and elastic properties, and
the welding material can be simplified, only, as a rigid
viscoplastic material. In addition, when computing the
interaction between the welding tool and the workpiece,
the full sticking conditions between them are usually
assumed, which leads to substantial simulation errors in
the estimation of the welding temperature and tool
reaction loads. In contrast, the ALE technique can model
the boundary conditions as the sliding mode to define the
tool-workpiece interaction. The ALE technigue can also
take into consideration the temperature variation and rate
dependency, as well as the material hardening behavior.
However, using the Lagrangian elements, some
problems arose in the ALE technique. Such elements
cannot handle the voids or multiple materials and need
to be fully filled with a single material to satisfy the
continuity criterion. Therefore, serious mesh distortion
will occur in the simulation of large deformation
problems such as the FSW process. The mesh distortion
of the Lagrangian elements can even cause the model to
fail in converge. The Eulerian analysis is based on the
volume-of-fluid method where the material is being
tracked as it flows through the mesh by computing its
Eulerian Volume Fraction (EVF) within each element.
Therefore, the Eulerian elements can handle multiple
materials as well as void formations, having an
advantage over the Lagrangian and ALE [15].
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In the current study, a 3D coupled thermo-
mechanical finite element model is developed to
simulate the FSW process based on the Coupled
Eulerian-Lagrangian (CEL) method. The CEL method
has the advantages of both the Lagrangian mesh and
Eulerian mesh, which means it can solve the element
deformation singularity in the large deformation
problems and also describe the physical boundary of the
material accurately. Therefore, the CEL model has great
advantages over the previous numerical models: it can
predict the material flow as well as the defect formation
during the FSW process explicitly. The main novelty of
this paper is that in the simulated model, the convection
and radiation heat transfers and the contact heat transfer
between the workpiece and the backing plate are all
taken into consideration and those parameters have been
evaluated by comparing the experimental measurements
and numerical simulations. In this paper, first, the
simulated model is validated with the experimental
measurements. Then, the effects of the harder material
position and tool pin profile on the temperature
distribution and material flow in the weld metal and Heat
Affected Zone (HAZ) are investigated. Due to the high
demand for joined dissimilar materials for new
structures or parts with mixed material properties,
especially in the automotive industry, the AA 6061-T6
and AA 7075-T6 aluminum alloys are selected for the
FSW simulation in this study. AA 6061-T6 aluminum
alloy has high strength, high corrosion resistance and is
made of lightweight aluminum with high ductility and
toughness. Meanwhile, AA 7075-T6 exhibits super high
strength and has been used extensively in aircraft
components and other highly stressed applications. The
components of both AA 6061-T6 and AA 7075-T6
aluminum alloys are extensively employed in marine
fittings, automobiles and aircraft applications.

2. Numerical Simulation

The FSW process is done at the butt welding
position; two sheets are placed near each other. The
finite element model is done by the ABAQUS software.
Due to the complicated conditions of the FSW process,
the model is performed by the coupled temperature-
displacement dynamic explicit solver. The sheets are
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defined as deformable objects and the tool is rigid. In
reality, the sheets are constrained for lateral movement
and rotation and the tool moves by a constant speed, but
for simulation purposes, the tools are considered to be
constant and rotate at the specified rotational speed, and
the sheets move toward the tool. A control volume
consisting of the sheets is defined and the traverse speed
of the tool is defined as the inflow and the outflow over
the Eulerian domain boundaries. The tool is the
Lagrangian domain boundary.

The frictional condition between the tool and the
sheets is very important. The required heat for welding
is prepared by the friction between the tool and the
sheets. A Coulomb’s friction coefficient of 0.7 is
defined. Besides, it is assumed that 90% of the inelastic
work generated during the process is converted to heat
and increases the temperature of the welding zone. The
generated heat is transferred into the workpiece and
surrounding environment by the conduction, free
convection and the radiation mechanism. The
temperature  distribution affects the mechanical
properties of the sheets, softening of the material and
better mixing and joining of the welding sheets. The
thickness of the sheets is 4mm. The FSW tool has a
concave shoulder and a tapered pin made from DIN
1.2344 tool steel (H13) with a threaded line having a 7
mm root diameter, a 3.5 mm tip diameter, and a 7.5 mm
height as well as a concave shoulder of 25 mm diameter.
To study the effect of the pin profile on the material flow
and mixing, three different pin profiles are designed and
investigated, namely Smooth, Grooved and Spiral-
Grooved pin. Three grooves with a depth of 0.3 mm are
created on the lateral side of the pin (Fig. 1), illustrates
the FSW tool pins with different profiles in 3D.

The coupled Eulerian-Lagrangian analysis needs
defining the regions of the Eulerian solution (the domain
of solution) in the model. A space with 50x50x8 mm?3
dimensions is considered as the solution domain. The
side dimensions are four times larger than the tool
shoulder diameter. The height of the Eulerian domain is
8mm and is larger than its thickness and part of this
space will remaine empty. This space is held in reserve
for unwanted flash formation during the FSW process.
A velocity constraint is applied to the Eulerian domain
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to prevent the flowing out of the material from the
control volume.

Fig. 1. FSW tool pin profiles; a (Smooth pin) b (Grooved pin),
¢ (Spiral-Grooved pin)

The analysis of the material deformation is
complicated and depends on the strain, strain rate and
temperature increase. The material model should
describe these three influential factors, hence the
Johnson-Cook material model is a good choice for
describing the plasticity in the CEL analysis. Equation 1
shows the Johnson-Cook plasticity model.

do = (4+B&") (1+ an?) (1 - (%)m) @)
0 melt—Tref

Where g, is the flow stress, ¢ is the strain rate, &,
is the effective plastic strain, &, is the effective plastic
strain rate, &, is the normalizing strain rate (typically 1.0
s™1). T is the temperature (in Kelvin), T, is the
reference temperature (usually room temperature) and
Tmerr 1S the melting temperature of the material. Here, n
is the strain hardening exponent and m is the strain rate
sensitivity exponent, and A, B, and C are material
constants. The coefficients of the Johnson-Cook
plasticity model for AA 7075-T6 and AA 6061-T6
aluminum alloys, used in this analysis, are shown in
Table 1.
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Table 1. Johnson-Cook plasticity model constants for AA
7075-T6 and AA 6061-T6 aluminum alloys [16, 17]

A B Tref Tmelt
Alloy | vipay (e € | " | ™ | o) | ¢O)
AA
i | 546 | 678 [0.024| 071|156 | 20 | 635
AA
oA | 324 | 114 [0.002| 042|134 20 | 652

The rigid tool is tilted 2° and constrained in 3D
translational movement (axial and radial directions). The
tool is meshed by R3D4 rigid elements and the sheets
and Eulerian control volume are meshed by EC3D8RT
element type. The EC3D8RT element is an 8-node
Eulerian continuum element (brick shape) with 4
degrees of freedom at each node (3 displacement DOF
and a thermal DOF). The model has been meshed so that
a finer mesh exists in the welding zone and the adjacent
material deformation zone.

3. Results and Discussion

It is necessary, in the numerical simulation, to
evaluate the true heat transfer coefficients in the friction
stir welding process. To evaluate the heat transfer
coefficients, in the experiments, the temperature is
measured using K-type thermocouples at two points with
a 10 mm distance from the weld centerline at both
advancing and retreating sides. The advancing and
retreating sides of the weld line are AA 6061-T6 and AA
7075-T6 aluminum alloys respectively. In the numerical
simulations with the same conditions as the experimental
work, the temperature profiles at two points, with a 10
mm distance from the weld centerline at both advancing
and retreating sides by adjusting the heat transfer
coefficients (convection and radiation coefficients and
also ambient temperature), are obtained. The extracted
temperature profiles from the experiments are compared
with those of the finite element simulations to obtain the
corresponding heat transfer coefficients. Predicted
temperature profiles of the numerical simulations and
experimental measurements are shown in Fig. 2. As it is
seen in this figure, by adjusting the heat transfer
coefficients in the simulation, a good agreement between
the experimental and numerical measurements can be
obtained. Although there are many parameters that affect
the temperature field such as the thermal properties of
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the sheet and the heat transfer coefficients, these results
indicate that the experimental and numerical
temperature fields are in an acceptably close range. The
computed convection coefficient, radiation coefficient
and ambient temperature from the above-mentioned
procedure are 28.3 W/ (m?K), 0.67 and 296.31 K,
respectively.
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Fig. 2. Temperature profiles of the Grooved pin obtained from
the experimental measurement and numerical simulation,
a (AA 6061-T6 (advancing side),
b (AA 7075-T6 aluminum alloy (retreating side)

The CEL technique is used to investigate the effects
of the position of the harder material (AA 7075-T6)
relative to the softer material (AA 6061-T6) and of the
tool pin profile on the quality of the weld joints
prepared by FSW. The following sections will present
the results.

3.1. Effect of pin profile

It is proved that the pin profile can improve the
material flow. Better material mixing can be obtained
and it leads to higher weld strength [18]. The effect of
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the tool pin profiles on the material velocity is shown in
Fig. 3. The velocity of the material around the FSW tool
obtained from a Eulerian point of view is higher for
welds done with a grooved pin. The results of the
material velocity show that the material is mixed more
uniformly when using the grooved pin. The material
flow around the smooth pin is not uniform and the
material flow in the specified zone with the red circle is
slightly lower than that of the adjacent area. The average
material flow velocity is 0.3 and 0.8 m/s around the
smooth pin and grooved pin profiles, respectively.

V, Resultant
+1.392e+00

+1.160e-01
$0.000e+00

V, Resultant
+5.55%-01

- +4.63
+0.00

Fig. 3. The effect of tool pin profiles on the material
velocity; a) Grooved pin, b) Smooth pin.

3.2. Effect of AA 7075-T6 alloy position

When welding dissimilar alloys, the position of the
harder material is important and can affect the joint
strength. In Fig. 4, the effects of AA 7075-T6 aluminum
alloy position on the temperature distribution of a
specified point is illustrated for smooth, grooved and
grooved-spiral pin profiles. The point is located 10 mm
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away from the weld line of the FSW joints. When AA
7075-T6 aluminum alloy (the harder material) is
positioned at the advancing side, slightly lower
temperatures are obtained for all types of pin profiles.
Fig. 5 shows the temperature distribution for different
positions of AA 7075-T6 aluminum alloy during the
FSW process using a grooved pin. In both situations, the
temperature gradient in the softer material (AA 6061-T6
aluminum alloy) is higher than that in the harder material
(AA 7075-T6 aluminum alloy). In addition, more
symmetry in the temperature distribution (relative to the
axis of the tool) is obtained when the harder material
(AA 7075-T6 aluminum alloy) is at the advancing side.
It is worth mentioning that according to Figs. 4 and 5 the
average temperature, in both conditions, is about 450 °C,
i.e. below the solidus temperatures of AA 6061-T6 and
AA 7075-T6 aluminum alloys. This means that the joint
is formed in a solid state. The solidus temperatures for
AA 7075-T6 and AA 6061-T6 aluminum alloys are 477
°C and 582 °C, respectively. By placing the harder
material (AA 7075-T6 aluminum alloy) at the advancing
side, the temperature decreases about 25— 55 °C in
comparison to the estimated temperature when the
harder material (AA 7075-T6 aluminum alloy) is at the
retreating side. Previous researches show that the
temperature distribution is dependent on the plastic
work, while the plastic work is also affected by the strain
rates of the material. The strain rates at the advancing
side are much larger than those of the retreating side.
When the softer material is placed at the advancing side,
the material experiences higher strain rates and
consequently higher temperatures [19]. The literature
survey diminishes that by placing the softer material
(AA 6061-T6 aluminum alloy) at the advancing side, the
temperature in some zones can increase to the solid
solution temperatures (530 °C) [20, 21] and this causes
the dissolution and disappearing of the precipitates in
these zones. In addition, the precipitate dissolution could
be assisted by severe deformation in the friction stir
welding process [22]. Similar results were reported in
the FSW of AA 6061-T6 and A356 aluminum alloys by
Lee et al. [23].
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Fig. 5. The temperature distribution during the FSW process
for the Grooved pin; a) AA 7075 in the
advancing side b) AA 7075 in the retreating side
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The material flow within the control volume is
computed using the Eulerian Volume Fraction (EVF)
option in the ABAQUS software and presented in Fig. 6.
Fig. 6 shows the effect of the position of AA 7075-T6
aluminum alloy in the advancing side or retreating side.
Asitis seenin Fig. 6-a, the mixing of different materials
happens in a thin layer below the tool shoulder (in a
subsurface layer) when AA 7075 aluminum alloy is
located at the advancing side. So, the penetration of the (b)
harder material into the retreating side is limited to a thin Fig. 7. A comparison of the formation of porosity for
layer. On the contrary, if AA 6061-T6 aluminum alloy is 3 Smig]tﬁosrnap:}c(j)g[g,ol;/)egF;g\?ggfpi)li?;)rofi|e
located at the advancing side (Fig. 6-b), the material
mixing happens at a wider zone throughout the sheet
thickness, and more material stirring will be obtained.

The penetration of the materials in the opposite side can
improve the strength of the joint.

4. Conclusion

In this work, the numerical simulation of dissimilar
friction stir welding of two common aluminum alloys
(AA 6061-T6 and AA 7075-T6) was investigated. For
this purpose, a 3D Coupled Eulerian-Lagrangian (CEL)
thermo-mechanical FE model was developed in the
ABAQUS software. The effects of the harder material
(AA 7075-T6) position and pin profile on the
temperature distribution and material flow in the
welding zone and heat affected zone (HAZ) were
investigated. The results of the presented work have
been listed below:

1. A good agreement between the temperature
distribution  extracted from the experimental
measurements and numerical simulations was observed.
Hence the accuracy of the numerical results was

confirmed.
(b) 2. The material flow around the FSW tool was higher
Fig. 6. The material distribution of the Grooved pin across for welds implemented with the grooved pin and more

the stir zone using EVF for various conditions; a) AA stirring was obtained
7075-T6 located at the advancing side, b) AA 6061-T6 9 )
located at the advancing side 3. When the harder material (AA 7075-T6) was

placed at the advancing side, the temperature

distribution was slightly lower than when it was located

at the retreating side for all types of tool profiles.

i Moreover, when using the grooved pin, the estimated

temperature distribution in the softer material (AA 6061-

T6) was higher than the temperature distribution in the

harder material (AA 7075-T6), regardless of AA 7075-
T6 position.

4. Using the Eulerian VVolume Fraction (EVF) option,

it was observed that when the harder material (AA 7075-
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T6) was located at advancing side, the material mixing
happened in a thin layer below the surface, and the
penetration of the harder material into the retreating side
was found to be limited. On the other hand, if the softer
material (AA 6061-T6) was located at the advancing
side, a comprehensively better material mixing was
obtained.

5. It was proved that more porosities were created for
a smooth type tool due to lack of the stir phenomenon.
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